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The electron microprobe, an instrument that pernits 

nondestructive q u a t i t a t  ive chemical analyses t o  be Frf omed 

i n  nicron-sized areas, w a s  ernployed t o  study a cr&ter  ana the 

e jec ta  produced by the impact of a Ni-Fe s t e e l  project i le  

against a ta rge t  of the  same composition. Apart f roa  a th in  

h y e r  on the  inside of the crater,  no change in the ta rge t  

w a s  noted. Hawever, smll, black, mgnet ic  spherules recovered 

i-ri the  e jec ta  fron the crater  reveal significant chemical 

aodif icat ions . 
. 
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A?JBODUCTION 

Hy-gervelocity imApct exf i rhents  a re  commonly confined t o  

the study of cratering xzechmics an3 l i t t l e  consideration i s  

given t o  p s s i b l e  chemical chmges p-ofiuced in the  defomed 

z a t e r i a l  around a cra te r  o r  i n  the ejecta .  The chezistry and 

structure of e j ec t a  and other shock-loaded products of iqpact 

events are, however, of special  significance t o  workers in 

the geosciences who are concerned with problems of formation 

of neteori te  c ra te rs ,  modification of meteorite bodies, and 

production of "cosmic dust." The eqeriment described in t h i s  

Faser wzs carried out as p a r t  of a m r e  general program of 

research at Lines Research Center devoted. t s  the s t u d y  of 

irapzct in rocks and minerals, and w a s  an attempt t o  sinulate 

the fornation of cosczic dust. Although the r e su l t s  of the 

experiment are not d i rec t ly  applicable t o  the  study of the  

t e m i n a l  b a l l i s t i c s  of hypervelocity project i les ,  the study of 

cherzical changes in shock-loaded rcaterials by electron rsicro- 

>robe techniques should be valuable in achieving a be t te r  

understanding of h p c t  processes. 
.& 

The experbent  vzs conductec? at  the light-gss-,m? 



a a s e .  
9.22 cz  i n  dizz?tsr ,  0.21 CP l ~ ~ g ,  an2 weighkg 0.1223 p. was 

pope l l ed  against L 3 CE X 5 czi X 2.5 cmtarget  of the s a  

coqos i t ion .  

z32roaches the composition of iroc xeteorites.  

was carried out in air  at  an arbient pressure of 75 m of 

nercury (about 0.1 a t m )  . 
vas about 5.6 ka/sec-', and peak insact pressure is  estimated 

by means of one-dinensional shock wave theory t o  have beer, 

zbout 1.8 megabar. The event took place in  a Fksx ic  box 

e q e c i a l l y  b u i l t  t o  r e t a in  the  e jec ta  f ron  the  c ra te r  l o r  

study. A view of the p las t ic  box is  shown in Figure 1. 

r ight  i r ?  the  box i s  the ta rge t  block which w a s  knocked over Sy 

the force of inpact. 

lzyer f o r  catching the ejected material. 

31 the  Folystyrene is the locus of the points Of impact of 

the ejected par t ic les .  

A cyL2Sr ica i  . -  Ni-Te s t e e l  p o j e c t i k  (-USI XO. ~ - 2 5 ~ ) ,  

This a t e r i a l  was chosen because it most closely 

The e-erbenz 

Velocity of the pro jec t i le  at  ixqact 

Ax the  

A t  the  l e f t  i s  the polystyrene f o m  

The darker c i r c l e  

Both ta rge t  and e jec ta  were analyzed with an electron 

slicroprobe. 

micron d i m e t e r )  b e m  of high energy electrons at  the spechen. 

?'he electron beam excites an X-rzy qectrurs coasisting of a 

coctinuous background s p c t m  an? the character is t ic  X--- ~ a y S  . 

of the elenents preseat in the  ta rge t .  

malyzed f o r  wavelength and intensity with the s ld  of C-LTY? 

c r y s t a l  detection systecs. 

This instrument d i rec ts  a finely focussed (1 

.'. 

This s F c t r u z  is  then 

1'3 a f i rs t  &L.pxka$:m, tr.e 



In t e s s i t i e s  of the characterist ic X-rays a t  discrete  ware- 

kcgzks  are  ; rop f i2omi l  t o  the mounts of the various elezents 

-. 7 C ~ L - ~ .  c ̂VT Thus, a ncs2estmctive, q u t l t a t i v e  c h e d c a l  aaaly- 

sis c m  be EeSczzaed i n  lricron-sized areas. 

description of the @.nciples  a d  techniques of electron rcicro- 

;robe abalysis,  compare B 3 i r s . l )  

Applied Research Laboratories electron microprobe X-ray ana- 

lyzer w 2 s  used. The instrument is  equipped with three disper- 

sive channels, m d  thus allows neasurenent of three differenx 

(For a detai led 

In the  present study an 

e lemnts  at  the saae time and on exactly the same spot Ln the 

surfzce of the sample. In  the q u t i t a t i v e  analyses, pure 

e l emnt s  were used as standards f o r  the  determination of Mn, 

Cr, anC Hi. 

xrgnetite (Fe304, Fe = 72.4%) were used as standards; f o r  5 ,  

the  standard was cheaically analyzed p p i t e  (FeS2, S = 53.60,~); 

while f o r  P, the  s t a d a r d  vas apati-ce (P  = 18.s). Corrections 

vere &e Tor wavelength s h i f t ,  iietector dead t h e ,  background, 

mass absorpzion, secondary fluorescence, and atomic nunber. 

For Fe, both pure Fe and a chemically analyzed 

Tne Seasurements were nade with 20 kv electrons and up t o  200 

seconds of integration time. 

Care i s  necessary i n  preparing samples f o r  electron 

micropobe analysis because surface i r r egu la r i t i e s  on spechens 

can cause unpredictable absorption e f f ec t s  and thus y ie ld  
b 

spurious resu l t s .  

riounted in epoxy, and polished with successively f i n e r  aSra- 

The c ra te r  produced by impact w a s  sectioned, 

s ives  t o  y ie ld  a f la t ,  smooth, mirror-like f in i sh .  Snaller 

e j e c t a  pa r t i c l e s  were embedded in c lear  p las t ic  end polished 



I 2  the s a e  m e r .  B e  sections were vacum coated with 8 

L q e r  of carbcz ti few hundred mgstrollis thick i n  order t o  =Le 

the-  c onduc t :ve . 
RESTJTJTS 

The sectioned and polished cra te r  is shown in Figure 2 .  

Czvities 2roduced by mechanical deformation of the s t e e l  u,pn 

h s z c t  xiy be seen at  the base of the  crater .  In addition, 

YLcroscopic lamellae generally para l le l  t o  the  outline of the 

crzter were observed in polarized light at high mgnificzbions. 

(It was not 2ossible t o  secure usable photograEhs of those 

feztures . )  Ln sp i te  of these marked physical changes resul t ing 

from -&pact, electron microprobe analyses of the block contain- 

ing the c ra te r  are  ident ical  with those f o r  an unshocked piece 

of the sane m t e r i a l  (Table I). Apart  from a t h i n  (of the 

order of 8 few aicrons) layer ori the  in t e r io r  of the cavi?yr, 

no chmge in the ta rge t  mteriai  was note&. 

However, significant cnedca l  m d i f i c a t  ions are revealed 

i n  smll, blzck rngnetic spherules recovered in the ejecta  from 

the cra te r  (Figure 3).  

20 t o  about 100 microns, are  hollow w i t h  w a l l s  of varying 

The spherules range in diameter from 

thiclmess, and are  comprised primarily of magnetite (Fe304). 

In Table I, the  r e su l t s  of the electron microprobe analyses of 

a spherule are  compared with the znalyses of the or ig ina l  
.% 

s t e e l  t a rge t  block and with the  s t e e l  in the inmediate 

surroundings of the  c ra te r .  It i s  apparent t h a t  considerable 

. 

chemical f r ac t iomt ions  occurred as the s p h e d e s  were lorzec?. 

These are the  following: 



8. m e  or ig ina l  m t a l l i c  nickel-iron ( 9 k . S  Fe) w a s  

cxicized to ragsk-~i;e b t h e  process of spherule forrcation 

ZLC contains 72.15 Fe. 

b .  In the  Grlginal s t e e l  target the  nickel  is  hozlogene- 

ously dis t r ibuted throughout the smple and averages 5.l?$ X i .  

! b e  nickel is  s t i l l  homogeneously dis t r ibuted in the spherule 

Tjrotiuced by impact but i t s  concentration is  depleted by an 

or2er of mgnitude t o  a3out 0.58 (Table I).  

s l G i f i c a n t  cbenical fractlomkion t h a t  took ;;lace in the  

!his is  the m s t  

,-recess of spherule formation. 

c.  The or ig ina l  ta rge t  s t e e l  contains 0.27% S i  hoizogene- 

however, the S i  i s  enriched in irregular p t c h e s  up t o  about 

10 microns wide  an^ up t o  30 nicrons long (Figures 4 a d  5 ) .  

The min  ass of the mgnet i te ,  however, has been depleted in 

S i  and con"cains only 0.05s Si.  

d. Chromium seems t o  have been depleted in the  spherule 

in coxparison t o  the  or iginal  target  n a t e r i a l  (Table I). 

e. The other minor elements studied (Mn, C u ,  S) seem 

not t o  have fractionated notably in the  process of spherule 

format ion. 

DISCUSSION 

The lack of appreciable che' ical  changes in the target  

block i t s e l f  indicates that nearly 211 the  energy of iapact 

w z s  consumed i n  rechmica l  deformtion of the s t e e l  and y k i  

e jec t ion  of m t e r i a l  fron the crzter.  It would aP?ear, ct 



Iezst fc r  evezts cf the  scale -hvestigateCi, that cher?l'cal 

L?;j.-LZicztions of t L e  residual  tazget m t e r i a l  f r o 3  a Li2act 

Ere negiigible. The sme appears t o  be t rue  for most of the 

ejecta  f r o m  the c ra te r .  

recovered are angular fragnents and f lakes  which suffered only 

About 75 percent 02 par t i c l e s  

physical rr?odification. 

The rewining  orie-quarter of the e jec ta  are  the black 

szhcrules, which d S f e r  considerably in chenical compsitioa 

froir, the or ig ina l  ta rge t  rcaterial. 

~ a y  be assumed only by a t rue  l iquid,  and indicate tszz t h i s  

portion of the eQecta w a s  subjected t o  temseratures 5.n escess 

05' about 1300" C,  the  m l t i n g  p i n t  of iron. The presence 01' 

Spherules are  z forc? th2t 

Icagnetite 2s  t he  pr incipal  constituent of t he  spherules indi- 

cctes  c lear ly  tha t  extensive oxidation of iron occurred in 

t h i s  portion of the e j ec t a  f roa  the crater .  

A zechmisL of spherule formt ion  i s  suggested 2s  fo i lz - i s :  

(1) Virtually instantaneous, irreversible shock heating of t h z  

Larget and project i le  na t e r i a l  by the impact, ae l t ing  a portion 

of the ejecza. 

shock theory, that temperatures i n  excess of 1500' C must have 

It i s  e s t b a t e d ,  based on one-dinensional 

been attained. (2)  Oxidation of the  l iquid e jec ta  by the 

oxygen present in the collection chamber. 

t'nernic reaction by which m p e t i t e  i s  formed from iron wo-irld 

The strong exo- 
P 

fur ther  r a i se  the temperatire o f  the  rjelt t o ,  perhap, a m s t  



kiia xzrpr&--e s . 
im2er the ex-cerimxtal conditions. 

likely that  nickel w a s  lost from the  droplets by vapr i za t ion .  

Segrept ion of s i l icon into patches probably w a s  induced by the 

forrat ion of an iron s i l i c i d e  in  these areas, as suggested by 

the elerrental dis t r ibut ions.  

ts s_=%erules. 

Frogress. 

Eiowever , nicke 1 oxlze s are  not stdole 

It therefore a?pears 

(3)  Quenching of the droplets 

Further work on aspects of t h i s  p-oblem i s  5~ 
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CAPTIONS 

Pigze 1.- f i p e r h e n t z l  apparatus. kt, l e f t ,  polystyrene f o m  

The e jec ta  izyer used t o  t r a p  the  e jec ta  from the crater .  

occur in the darker-colored circular area. 

nickel-iron s t e e l  t a rge t  after izqpact . 
A t  right, the 

P - ; ~ e  - 'U 2.- Polished section through cra te r  in t a rge t .  

T i w e  3 . -  Polished section through s;?herule ejected fro,m, 

target  . 
Flgme 4.- Portion of a polished section of a s?nerd-e under 

high mgnif icat ion.  Note dazk gray patches. 

P i g i e  5.- Zlectron 5 e ~  s c w - j q  2hctc6ya;hs 03 SI-rich 

in the sgherule produced by hypervelocity imAp,ct. 

pictures were taken as the electron beam swest over a 

xicrosco2ically selected area in the sanple and recording 

the signals P r z n t h e  counters on oscilloscolje screens. 

3% i s  backscattered electron image. 

t - i e s  obtained in the Ka radiztions of these eleaents. 

S i  image shows ea enrichnent o f  S i  i n  -patches. 

areas in the l e f t  part of the BSF: image correspnd t o  these 

catches, indicating tha t  t h e i r  atomic number is  lower than 

tht of the surrounding mgnet i te .  Some of the dark areas 

iri the  usper p r t i o n  of the BSE image are surface irregu- 

l r r l t i e s .  

throwhout the sample. 

'Be 

N i ,  Si ,  Fe a re  2ic- 

The 

The dark 

.L 

Fe a& N i  a_c_xar t o  be homgeneousiy dis t r ibuted 












